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ABSTRACT
Although surgical fixation of distal radius (DRFs) treated using a fixed-angle volar
locking plate system is very popular, there is place for novel alternative fixation methods,
such as the prototype of a novel intramedullary injectable bioresorbable polymerbioresorbable balloon osteosynthesis (IPBO) system presented in the present study. The
purpose of this study was to use construct fatigue testing and the finite element analysis
(FEA) method to conduct a parametric study in which the compressive longitudinal
stiffness (CLS) and maximum von Mises stress (σVMM) (and, hence, calculated factor of
safety against elastic failure (FOS)) of a construct comprising a simulated DRF fixated
using the IPBO (SIPBO Construct) were compared to the corresponding values for a
construct comprising the same simulated DRF fixated using a volar locking plate system
(SVLP Construct).
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1

INTRODUCTION

Distal radius fractures (DRFs) are among the most common of all fracture types,
accounting for 17% of all fractures [1] and [2]. The primary causes of DRFs include
high-energy trauma among young persons and low energy mechanisms, such as a fall on
an outstretched hand, in the elderly population [1] and [3]. Several studies have identified
the trends relating DRFs to gender and age, as well as the influence of variables such as
seasonal changes and ethnicity [1], [2], [4], [5], and [6]. With these trends, the economic
impact of DRFs on a healthcare system is substantial [7] and [8]. Treatment/management
of DRFs requires accurate diagnosis and classification [9]. Diagnosis methods include
radiography (x-rays), computerized tomography (CT), magnetic resonance imaging
(MRI), and arthroscopy. Diagnosed DRFs may be classified under several systems. The
OA/OTA system classifies fractures by location, type, group, and subgroups [10]. The
Fernandez classification is based on the mechanism of injury and accounts for the radius
and the ulna [11] and [12]. Frykman presented 8 fracture types based on the involvement
of the radiocarpal (RC) joint and the distal radioulnar joint (DRUJ) [13]. Other
classification methods are eponyms such as Colles’ or Smith’s fractures. Methods of
management/treatment of DRFs may be grouped into two categories, namely, nonsurgical
and surgical. One popular method in the former category is plaster casting or splinting.
There is a large collection of surgical methods, such as the external fixation methods of
percutaneous pinning and spanning frames and internal fixation methods such as
intramedullary nailing and locking plates.
Several biomechanical experimental and finite element analysis (FEA) of various
surgical treatment methods on their own or in comparison to other methods have been
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published in the literature. While experimental testing provides realistic data through the
use of cadaveric specimens, variability is introduced by the nature of human bone.
Therefore, interstudy comparison of results is problematic. FEA attempts to overcome
this issue by assigning specific material properties to the bone and the implant, utilizing
clinically relevant boundary, loading, and interface conditions. However, use of FEA
requires construction of a detailed anatomically correct bone model (usually, this
involves use of CT scans of the distal radius of a person), and assignment of values of
relevant material properties of the cortical and cancellous bones (in some cases, a
relationship between a measure of bone density, such as the Hounsfield unit, and
modulus of elasticity of the bone is used). There is an additional challenge in when FEA
it is used in a study in which a locking plate, such as a fixed-angle volar locking plate, is
part of the construct. This challenge arises because while anatomically precontoured
plates are of growing relevance in the treatment of DRFs, in some areas, these devices are
positioned slightly off the bone. The body of literature studies on biomechanical
experimental and FEA studies of surgical methods of treating DRFs has some
shortcomings. For example, very few studies have been published on the intact radius,
influence of material used for components (such as the plate and the screws) in a volar
locking plate construct, and comparison between a fixed-angle volar locking plate
construct and constructs that include emerging or new surgical modalities.
The purpose of the present study was to address one of the aforementioned
shortcomings of the literature. Specifically, biomechanical parameters, such as stiffness,
load-to-failure, and maximum von Mises stress, were determined for three sets of distal
radii, under an axial compression load. The three sets were an intact radius; a distal radius
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in which a simulated extra-articular fracture was fixated using a fixed-angle volar locking
plate system (variable being material of fabrication; that is, Ti-6Al-4V alloy versus
316L stainless steel versus carbon fiber-reinforced poly (etheretherketone)); and a distal
radius in which the simulated extra-articular fracture was fixated using an intramedullary
(IM) injectable bioresorbable polymer system (variables being the modulus of elasticity
of the polymer and the extent to which the balloon containing the injected polymer
expands within the simulated fracture gap). Recently, a medical device company
(Smith & Nephew Orthopaedics) proposed the last-mentioned system but it has not been
the subject of any systematic study.
The rest of this thesis is organized into five chapters. Chapter 2 contains relevant
background information on the distal radius and DRFs as well as a review of the
literature. Topics included are anatomy of the distal radius; incidence, assessment and
diagnosis, classification, treatment methods, and costs of DRFs; and reviews of the
literature on biomechanical experimental and FEA studies involving the distal radius and
DRFs. In Chapter 3, details of the experimental testing and FEA work conducted in the
present study are presented. Aspects of the biomechanical testing covered are
construction of the constructs, loading protocols, and the output parameters. For the FEA
work, topics covered are solid model generation, mesh generation, assignment of material
properties, boundary conditions and surface interactions, loading protocols, convergence
testing, and output parameters. Results of the experimental tests and the FEA work are
presented in Chapter 4. Discussion of these results and other relevant issues is provided
in Chapter 5. Topics covered include analysis of the results, comments on the clinical
relevance of these results, comparison of these results to relevant ones in the literature,
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study limitations, and comments as to why these limitations do not undermine the study
conclusions. In the final chapter, Chapter 6, the main conclusions drawn from the results
are presented and recommendations for future studies in this field are outlined.

4

2

BACKGROUND AND LITERATURE REVIEW

2.1. Overview
The topics covered in this chapter are all to do with the radius and DRFs. Thus, the
following topics are covered: anatomy of the distal radius; incidence, assessment and
diagnosis, classification, non-surgical treatment methods, surgical treatment methods, and
costs of DRFs; review of the literature on experimental biomechanical evaluations of
non-surgical and surgical methods of fixation of DRFs; and review of the literature on
finite element analysis (FEA) of models of the distal radius without and with fixation of
simulated fractures.
2.2. Distal radius anatomy
One of the two forearm bones, the radius is lateral relative to the ulna. The head of
the radius is concave and articulates with the capitulum of the humorous during flexion
and extension of the elbow joint. The head also articulates with the radial notch of the
ulna; thus, the radial head is covered with articular cartilage. An oval-shaped radial
tuberosity separates the proximal head of the radius from the distal shaft. Proceeding
distally down the shaft of the radius, the radius gradually enlarges to a quadrilateral
surface when sectioned transversely. Medially, the distal radius forms a concavity, known
as the ulnar notch, which accommodates the ulna. Laterally, a distal ridge is formed
called the radial styloid process. Dorsally, the bone contains grooved passages for
tendons of forearm muscles as well as the dorsal tubercle of the radius. These anatomical
features are shown in Figure 1.
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Figure 1. Anatomical features of the radius (A) and antero-posterior radiograph of the
forearm (B) [14].

Soft tissue constructs of the radius (muscles, tendons, and other fibrous membranes) are
responsible for the motion, stability, and strength of the forearm and the hand. The
muscles and tendons in the anterior compartment are associated with flexion of the wrist,
fingers, and thumb as well as with pronation. The median nerve innervates all muscles of
the anterior compartment with the exception of the flexor carpi ulnaris and the median
6

half of the flexor digitorum profundus, which are innervated by the ulnar nerve.
The muscles and tendons in the posterior compartment are associated with extension of
the wrist, fingers, and thumb and with supination. The radial nerve innervates all muscles
of the posterior compartment. Between the posterior and anterior compartments are three
layers of muscle tissue, namely, the superficial layer, the intermediate layer, and the deep
layer. The aforementioned features are shown in Figure 2 – Figure 5.
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Figure 2. Soft tissue structures of the forearm [15].
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Figure 3. Details of the superficial layer [16].
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Table 1. Anterior superficial flexor muscles and attachments [16].
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Figure 4. Details of the intermediate layer [16].
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Table 2. Anterior intermediate flexor muscles and attachments [16].
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Figure 5. Details of the deep layer [16].
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Table 3. Anterior deep flexor muscles and attachments [16].
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The superficial layer contains four muscles (namely, the flexor carpi ulnaris, palmaris
longus, flexor carpi radialis, and pronator teres) that share an origin proximally from a
common flexor tendon to the medial epicondyle of the humorous (Table 1). There is one
muscle in the intermediate layer, namely, the flexor digitorum superficialis (Table 2).
The deep layer contains three muscles: the flexor digitorum profundus, flexor pollicis
longus, and pronator quadratus (Table 3). The posterior compartment of the forearm is
made up of two layers: a superficial layer (Figure 6) and a deep layer (Figure 7).
The muscles (Table 4 and Table 5) are associated with extension of the fingers and
thumb, movement of the wrist, and supination. The tendons of the extensor muscles are
held in place at the wrist by the extensor retinaculum. Synovial tendon sheaths provide a
low friction surface as the tendons move across the osseous tunnels formed between the
extensor retinaculum and the distal radius and ulna. All the muscles are innervated by
the radial nerve.
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Figure 6. Details of the superficial layer if the posterior compartment [16].
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Table 4. Posterior superficial extensor muscles and attachments [16].
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Figure 7. Details of the deep layer of the posterior compartment [16].
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Table 5. Posterior deep extensor muscles and attachments [16].
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With regard to the joints of the forearm and wrist, of particular interest are the distal
radial-ulnar joint (DRUJ) (Figure 8) and the radiocarpal joint (RCJ) (Figure 9).

Figure 8. The distal radio-ulnar joint [16].

The RCJ (Figure 9) is a condylar synovial joint, whose range of motion includes flexion
of 65-80° (40% from radiocarpal, 60% from midcarpal), extension of 55-75°
(65% radiocarpal, 35% midcarpal), radial deviation of 15-25°, and ulnar deviation of
30-45° (both 55% midcarpal, 45% radiocarpal) The joint is comprised of palmar
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superficial, palmar deep, and dorsal ligaments. [16, 15, 17, 18]

Figure 9. The radiocarpal joint [15].

The DRUJ is a synovial pivot joint where the radius rotates around the stationary ulna.
Motion of the DRUJ is pronation with a typical range of 60-80° and supination with a
typical range of 60-85°. Stabilizing the joint is part of the triangular fibrocartilage
complex with ligamentous aspects consisting of the distal radio-ulnar joint ligaments of
the dorsal radioulnar ligament and palmar radioulnar ligament, the meniscal homologue,
ulnar collateral, triangular, ulnolunate, and ulnotriquetral ligaments.
2.3. Incidence of distal radius fractures
DRFs are among the most common fracture types seen by orthopaedic surgeons;
for example, the incidence is 162/100,000, 195/100,000, and 258/100,00, persons per
year in United States, United Kingdom, and Finland, respectively [1, 2, 4]. Incidence of
DRFs is a function of a number of variables, the main ones being age, gender, and
ethnicity. Thus, 1) for men, the incidence shows a bimodal distribution, with it being high
at young age (due to high incidence of fractures from high-impact trauma, such as
sporting injuries), declines during adult years, and is high again in the elderly years
21

(Figure 10) [1, 4, 5]; 2) Females display low incidence at young age, but it increases
sharply at age > 50 years (due to increase in incidence of osteoporosis) (Figure 10) [1, 4,
5]; and 3) in the United States, the incidence among Caucasians is higher than that in
non-Caucasians [6].

22

Figure 10. Variation of incidence of distal radius fractures with age and gender of
patients in the United Kingdom [1].
2.4

Assessment and diagnosis of distal radius fractures
The methods most commonly used for these purposes are x-radiography (x-rays)

(Figure 11), computerized tomography (CT) (Figure 12), and magnetic resonance
imaging (MRI) (Figure 13). Pruitt et al. [19] concluded that while x-ray films and CT
scans showed fracture lines extending into the radiocarpal joint, radial shaft, and the ulnar
styloid, CT scans were superior at demonstrating fracture involvement of the distal
radioulnar joint, the extent of the articular surface depression, and the amount of
comminution.
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Figure 11. X-radiographic images of distal radius fractures [20].
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Figure 12. CT scans of distal radius [21].

Figure 13. MRI of a scapholunate interosseous ligament tear [22].
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2.5

Classification systems for distal radius fractures
A classification system should be reliable (that is, high inter-observer and intra-

observer reliability), should describe the severity of the injury, should help in choosing an
appropriate method of treatment, and should have prognostic value [12]. There are
numerous classification systems, examples being Müller-AO/OTA, Fernandez’, and
Frykman systems. In addition, there are eponym classifications, such as Colles’ fracture,
and. Smiths’ fracture. The most commonly used are the Müller-AO/OTA system Colles’
fractures. As such, a few details of these are now provided.
The Müller-AO/OTA system classifies fractures by location, type, group,
subgroups and qualifications. (Figure 14) Each bone is numbered 1 through 9 and
specific locations then take the bone number and add an additional number to
characterize the proximal to distal sections. For example, the radius and ulna are
numbered “2,” with the proximal section as the first section thus becoming “21.” The
diaphyseal portion of the radius and the ulna is the second section, and, is, therefore,
labelled “22,” with the distal radius and the ulna being the third portion and labelled
“23.” Next, the specific bone locations are classified into 3 types, varying by bone, and
assigned the letters A, B, or C. For example, an extra-articular DRF is 23-A. Fractures are
then classified into 3 groups dependent upon the bone and further classified by 3
subgroups. A complete example would be an extra-articular fracture of the distal ulnar
styloid process, which would be 23-A1.1. This provides for a total of 27 potential
classifications of distal radius/ulna fractures.
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Figure 14. AO/OTA classification scheme [10].
A Colles’ fracture (Figure 15) is a dorsally displaced and angulated fracture occurring
approximately 38 mm above the carpal extremity of the radius [23] and, typically, it
occurs as a result of falling on an outstretched hand.
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Figure 15. Reduction of a Colles’ fracture [16]

2.6

Non-surgical treatment methods for distal radius fractures
DRFs may result in undisplaced, anatomically reduced and stable, or potentially

displaced fractures. Displaced fractures may be treated nonsurgically by closed reduction
and plaster cast fixation [24] and [25]. There is controversy regarding the indication for
closed reduction as studies on this method showed no benefit for patients with moderate
to severely displaced fractures [25]. The American Academy of Orthopaedic Surgeons
[26] have published guidelines in which they point out that evidence is inconclusive with
regard to use of casting for the treatment of unstable fractures that are initially adequately
reduced. However, AAOS offer a moderate recommendation to the preference of rigid
immobilization over removable splints when using nonsurgical treatment for the
management of displaced DRFs [27]. Other authors offer similar suggestions [24] and
[25] such that undisplaced fractures, well reduced stable fractures, or old age/low
28

functional demand are indications for nonsurgical treatments. Several studies on the
subject of nonsurgical treatment of displaced DRFS have been published [25], indicating
excellent results. For example, 1) 92% of patients satisfied with the outcome of their
treatment [28], and 2) 94% of a mixed-age population indicating having sufficient grip
strength 5 years after treatment [24]. Benefits of cast immobilization include low rates of
morbidity and of long-term disability [29] and similar long term functional outcome
comparable to that obtained using surgical treatment methods. Drawbacks of cast
immobilization include decreased range of motion [29], [30], and [31] and slow healing
and return to normal activity [29], which can result in an increased societal cost due to
lost productivity [32]. Complications of casting include loss of reduction (which results
in additional reductive procedures [27] and [30]), adjacent joint stiffness, median nerve
neuropathies, and cast impingement syndrome [27].
2.7

Surgical treatment methods for distal radius fractures
Current clinical practice for the surgical treatment of distal radius fractures includes

percutaneous pinning/closed reduction internal fixation, external fixation with articular
spanning devices, interfragmentary percutaneous pinning, articular bridging external
fixators, nonbridging external fixators, individual fragment fixation through compression
screws, open reduction and internal fixation through dorsal plating, volar plating, and
intramedullary based devices. This study will focus on the well-established methods of
Kirschner-wire fixation, dorsal plating, volar plating, intramedullary nailing, and briefly
cover a new method presented by Illuminoss.
Kirschner wires (most often, referred to as K-wires), are small-diameter (for
example, 1.1 mm, 1.3 mm, or 1.6 mm) implant-grade wires typically equipped with a
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pyramidal trocar tip or a drill tip. These wires have many uses, such as provisional
fixation and fracture reduction prior to inserting the implant, guiding the trajectory of
cannulated instrumentation, or as an external fixator without the use of additional
implants. K-wires are inserted through the skin with optimal pin positioning for DRFs
considered to be dorsal and volar pins inserted distal to proximal through the radial
styloid process and one pin from the dorsal aspect of the most ulnar corner of the radius,
with a 1.6 mm K-wire being recommended for optimal stabilization [33] (Figure 16). Kwires are appropriate for fractures without articular instability that also lack substantial
metaphyseal comminution [34].
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Figure 16. K-wire fixation with 1.6 mm percutaneous pins [35].

Advantages of K-wire fixation include improved anatomical alignment compared to cast
fixation [36] and [37], reduced operation time, reduced use of perioperative antibiotics
compared to locking plate fixation [38], and reduced cost because of shorter operative
costs and lower implant prices [39].
Shortcomings of treatment by percutaneous K-wire fixation include the lack of
improvement in functional outcome and quality of life compared to cast or
plate fixation [27], [36], [37], and [38] and delayed range of motion activities because K31

wires are not load-bearing implants [34]. Common complications include the need for
additional casting or fixators [27], high potential for pin-tract infections, and impalement
of tendons and nerves [27] and [34].
Dorsal plating, that is plating placed on the posterior aspect of the radius, became
widely popular in the 1990s although complications were presented. The AO Foundation
[40] surgical approach for dorsal plating is performed by placing the forearm in pronation
and making an incision along the radius cutting through skin, subcutaneous tissue, and
fascia. The third compartment sheath is opened in line with the EPL, opening the
extensor retinaculum. Care is taken to preserve the distal portion, and the proximal aspect
may be opened as needed. The EPL is then freed and the fourth compartment is
subperiosteally elevated, providing access to the medial aspect of the dorsal distal radius
(referred to as the intermediate column). The plate is placed on the fracture once it has
been reduced and secured with locking or non-locking screws.
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Figure 17. Dorsal plating of the distal radius [41].

Indications for a dorsal plating approach are fractures with dorsal comminution in
combination with dorsal fracture dislocations according to [42], with [43] suggesting that
severe dorsal comminution with substantial bone defects as well as radio-ulnar and ulnocarpal instabilities along displaced fractures that cannot be managed by closed reduction
are indications for surgical treatment by plate osteosynthesis. Attractions to dorsal plating
as reported by [43] include better anatomical reduction and clinical outcome, the absence
of nerves, ability to transpose the extensor pollicis longus away from the fracture site,
providing open access for metaphyseal bone grafting, and less soft tissue
disruption [34], [42], [43], and [44]. Common complications of the dorsal plating
approach include extensor tendon complications such as tendon rupture [34], [42], and
[44], loss of reduction control over smaller dorsal fragments, and the potential of the
dorsal plate creating a greater moment arm resulting in the plate not bearing early motion
loading well compared to volar plating [34].
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Volar plating is achieved using locking or non-locking plates in conjunction with
various screws such as cortex (non-locking), lag, locking, and osteopenia screws. Nonlocking plates rely upon anatomical reduction and rigid fixation with interfragmentary
compression, creating this by use of lag screw fixation, plate tensioning devices, or a
specific compression hole of dynamic compression plates [45]. Locking plates add the
versatility of the various types of screws. The plate can be drawn to the bone with a
standard cortex screw, while the locking screw, characterized by a threaded screw head,
can be inserted into a locking portion of the plate creating angular stability to the platebone construct [45]. Most volar locking plates utilize locking hole geometries thus will be
the focus of this section. The volar approach to distal radius fractures consists of various
surgical techniques as a result of the soft tissue structures on the volar forearm. Two
primary methods are the FCR approach and the Henry’s approach [46] The FCR
approach involves an incision made over the flexor carpi radialis then carefully dissecting
the FCR sheath and releasing. A note of concern in this approach is the location of the
palmar cutaneous branch of the median nerve near the FCR sheath, as well as the
superficial branch of the radial artery near the proximal wrist crease. The surgeon would
then retract the FCR and dissect between the flexor pollicis longus and the radial fascia,
which when retracted protects the radial artery. The pronator quadratus is exposed once
the FPL is retracted, and is then released at the watershed line. This watershed line is an
important anatomical landmark in volar plating. It is volar ridge at the distal aspect of the
distal radius and heavily influences the placement of the plate. Plates placed too distally
to the watershed line are at an increased risk of tendon rupture.
The second method is Henry’s approach. For this approach, a line is made along
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the insertion of the biceps tendon to the radial styloid and is opened over the FCR. The
tendon sheath is opened to expose the FCR and radial artery, both of which are retracted.
The FCR is then exposed once the floor of the sheath is opened and retracted. Continuing
similar to the FCR approach, the pronator quadratus is then retracted and a transverse
incision at the watershed line is made to improve visualization of the fracture [46].
The fracture is reduced, followed by placement of the plate and screw fixation to the
radius (Figure 18).

Figure 18. Volar locking plate implanted on distal radius fracture [47].

According to Krukhaug [48], indications were failed closed reduction or primarily
displaced intra-articular fractures with a step-off of more than 1mm and a gap between
fragments, judged from the primary computed tomograms. Attractions of the volar
approach include better soft-tissue coverage and less tendon irritation [27], use of intact
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extensor compartment structural framework to reduce small fragment comminution
dorsally, and the excellent subchondral support provided to the distal fragments [34].
Complications and shortcomings of volar plating include tendon rupture as a result of
poor plate placement [34] and [47], plate breakage as a result of a non or malunion [49],
lack of direct visualization of the articular fragments [34], and greater risk of damage to
arteries, nerves, and tendons as a result of necessary dissections to access the radius.
Intramedullary nailing is achieved by closed reduction of the fracture under
fluoroscopy, restoring alignment of the fracture. The reduced fracture is then
percutaneously pinned to maintain fracture reduction while a guide wire is placed in the
radial aspect of the distal radius and a reamer is inserted to open the radius. An awl is
then placed through the opening into the intramedullary canal. The canal is then broached
across the fracture. The nail is then sized and inserted into the canal. A guide is then used
to direct the screws into the openings of the nail that make the nail a fixed-angle device
within the fracture fragment thus achieving reduction and stabilization (Figure 19).
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Figure 19. Intramedullary nail (A) and x-radiograph of repair (B) [50].

Indications for the use of intramedullary fixation of distal radius fractures is a
primarily displaced AO type A fracture according to Ilyas [50], and all extra-articular and
simple intra-articular fractures that could be reduced by closed or percutaneous means
according to Tan and Balogh [45]. Advantages of intramedullary fixation include a
familiar fracture fixation technique, less soft tissue irritation, and locked fixed-angle
technology. Shortcomings of intramedullary nailing of the distal radius include
limitations to primarily displaced extra-articular fractures, fracture reduction must occur

37

prior to reaming and insertion of the nail as reduction after insertion is not possible,
susceptibility of the superficial radial sensory nerve as it is present in the approach, and
inadvertent articular screw penetration into the distal radioulnar joint. Complications
include loss of reduction, inadvertent articular screw penetration, superficial radial
sensory nerve injury, and loss of motion.
A company called Illuminoss has developed a new method for fracture alignment
reduction in light to low load-bearing bones. Their system utilizes an expandable balloon
catheter inserted into the intramedullary canal, then filled with a liquid monomer which
causes the balloon to expand to the geometry of the canal. A fiber optic wire produces a
visible blue light at a wavelength of 436 nm, which converts the monomer into a
hardened polymer in approximately 200 – 800 seconds [51]. The hardened construct thus
stabilizes the fracture (Figure 20).

Figure 20. Schematic of Illuminoss photodynamic bone stabilization system [52].
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Illuminoss’ photodynamic bone stabilization system is indicated for use in fracture
alignment reduction. It is contraindicated in patients whose normal bone metabolism may
be affected, with marked bone loss or resorption, with metabolic disorders, with
osteomalacia, where infection is a concern, and with inappropriate fractures [51].
Advantages of the system are that it is minimally invasive, the balloon provides
containment and prevents extravasation while conforming to the canal, the monomer
rapidly cures upon visible light, and can be used with traditional fixation devices once
cured. Disadvantages include the facts that the system is not bioresorbable and may
present difficulties if the polymer would need to be removed in revision surgeries.
2.8

Total costs of distal radius fractures
Total cost is the sum of direct costs (such as costs of inpatient care, outpatient care,

long-term care, and rehabilitation care) and indirect costs (such as costs associated with
loss of productivity (due to inability to perform paid or unpaid work during the disability
period) and premature death).
In Germany, the total cost of wrist fractures, over the period 2015-2050, has been
estimated to be €3.9 billion per year [7]. In the USA, the total cost of wrist fractures has
been estimated to range from $10m per year for men ≥ 85 years) to $130m per year for
women aged between 50 and 64 years [8].
2.9. Review of literature of experimental biomechanical studies
Mehling et al. [53] determined whether a multidirectional fixed-angle volar plate
with locking screws or with locking pegs in the distal fragment would optimize fixation
of OTA type A3 DRFs. 8 pairs of human distal radii randomized into two groups.
An extra-articular DRF was created and stabilized with a multidirectional fixed-angle
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volar plate. In Group I, 7 locking screws in the distal fragments were used and in
Group II, 7 locking pegs in the distal fragments were used. In each of the constructs,
3 screws in the proximal fragment were used.. Static testing was performed for 6 cycles.
One cycle comprised an initial holding force of 20 N axial load followed by torsion with
+1.5 Nm and -1.5 Nm, followed by an axial compression with 130 N. Dynamic testing
was then performed with 1000 cycles of pure torque. Torque loading was between
0.5 and 1.5 Nm and a frequency of 0.5 Hz including an initial holding force of 20 N axial
load. Static testing was then performed as previously described. Load-to-failure tests
under torsion were performed beginning with 1.5 Nm including an initial holding force of
20 N axial load, then gradually increasing by 0.1 Nm until failure occurred. Stiffness was
determined as the slope of the linear portion of the load-versus-displacement plot. After
1000 cycles, the median remaining torsional stiffness in Group I (99%) was significantly
higher than that in Group II (76%). After 1000 cycles, under axial compression, median
remaining stiffness in Group I (93%) was significantly higher than that of
Group II (0%) (p = 0.018).
Hart et al. [54] compared the biomechanical stability of fixed- and variable-angle
volar locking plates in optimal and suboptimal plate positioning in unstable DRFs. This
was carried out by creating an AO 23-C3 fracture in 25 sawbones, resulting in a radial
styloid, dorsal lunate, and volar lunate fragments. Plates were tested in four positions:
distal ulnar, distal radius, proximal ulnar, and proximal radius. Tests were carried out
until failure, which was defined as > 2 mm displacement of any fracture fragment. Fixedangle plates were only tested in the distal ulnar position while variable-angle plates were
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tested in all four conditions. For each of the plates, the thickness was 2.4 mm, and the
screws were of 316L stainless steel.
A load-to-failure protocol applied axial compression perpendicular to the sagittal
axis of the articular surface at a rate of 0.1 mm s-1. Data (displacement, load, and time to
failure) were collected and sampled at 100 Hz. Rigidity was calculated from the slope of
the dorsal lunate force-displacement curve before failure (at loads 100-150 N). Previous
studies reported load-to-failure at 1000 ± 150 N. Load-to-failure occurred at the
DR (278 ± 56 N), PR (277 ± 68 N), DU fixed-angle (277 ± 68 N),
DU variable-angle (236 ± 31 N), PU (202 ± 75 N) and rigidity PU variable-angle
(126 ± 60 N mm-1), PR variable-angle (125 ± 30 N/mm), DU fixed-angle
(125 ± 25 N mm-1), DR variable angle (122 ± 66 N/mm), and DU variable-angle
(101 ± 35 N mm-1). They concluded that rigidity and load-to-failure were not statistically
different between the two groups (p = 0.090 and p = 0.19). The authors stated that
variable-angle volar locking plates provide comparable biomechanical stability to their
fixed-angle counterparts and may facilitate fixation of difficult fractures.
Locking and non-locking configurations of dorsal plates were tested by Boswell et
al. [55] Sixteen pairs of embalmed cadaveric human radii were potted and a standard
wedge osteotomy was performed, simulating a dorsally comminuted DRF. The bones
were potted and oriented in such a way that the axial load was applied collinear to the
axis of the radius. Eight pairs received 3.5 mm dorsal locking T-plates, and eight received
a similar 3.5 mm dorsal non-locking plate. In the non-locking plates, 3.5 mm cortical
screws were used in the diaphysis and 4.0 mm cancellous screws in the metaphysis.
Locking plates all used 3.5 mm threaded, conical locking screws and it was verified that
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the threads of the head properly engaged the plate. A compressive was applied at
1 mm s-1 through the joint center. Load-versus-displacement curves were generated and
used to calculate the stiffness and failure strength. Stiffness was determined to be
1943 N mm-1 for locking plates and 1456 N mm-1 for non-locking plates, with the
difference being significant (p < 0.05). Mean load-to-failure was 1755 N for locking
plates and 919 N for non-locking plates, with the difference being significant (p < .05).
These results in this study agreed with those reported in other studies of locking versus
non-locking plates, showing favor towards the locking plate configuration.
In the study by Blythe et al., [56] the stability and stiffness of dorsal and volar
fixed-angle plating systems were compared. Specimens were divided into 4 groups of
6 radii each. Dorsal comminution was simulated by an incomplete 10-mm wide dorsal
wedge osteotomy, created 20 mm from the articular surface in Groups 1-3 and 15 mm
from the articular surface in Group 4. In each of Groups 1-3, 2.4 mm Ti alloy locking
distal radius pre-contoured plates were used. In addition, 1) in Group 1, one dorsal
intermediate and 1 styloid plate were used; 2) in Group 2, 1 volar plate was used; and
3) in Group 3, 1 volar plate and 1 styloid plate were used. In Group 4, a 3.5 mm stainless
steel locking compression plate was used. The specimens were tested in axial
compression. Each specimen was cyclically loaded at 100 N s-1, preloaded to 100 N to a
give a total load of 250 N, which, based on previous in vitro measurements, is the load
across the wrist when all of the digits are flexed. Each of the specimens was subjected to
5,000 load cycles at a rate of 1 Hz, and two specimens from each group were subjected to
20,000 load cycles to assess additional plate deformity.. Each of the specimens was then
loaded to failure at a rate of 2 mm s-1. Group 1 constructs were stiffer than Group 2
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constructs (p = 0.026), Group 3 constructs (p = 0.026), and Group 4 constructs
(p = 0.002). Group 3 constructs were stiffer than Group 4 constructs (p = 0.015).
Groups 2 and 3 constructs had similar stiffnesses. The load-to-failure for Group 1
constructs was significantly higher than that for the constructs in each of the other groups
(for each comparison, p < 0.05). The authors concluded that the combination of dorsal
and styloid locking plating is significantly stronger than volar plate alone or volar plus
styloid plating, but each of the tested constructs offers adequate stability, with minimal
deformation, under physiologic-type cyclical loading.
Rausch et al. [57] compared the stability of dorsal and volar plate constructs in a
simple intra-articular fracture model. Six pairs of frozen cadaveric human radii were used
and randomized into two groups receiving 3 right and 3 left radii. Volar plating was
performed with 2.4 mm Ti alloy two-column volar distal radius plates. Dorsal plating was
performed with 2.4 mm Ti alloy dorsal distal radius plates. In each system, Ti screws
with the same shape were used. AO type 23 C2.1 fracture was created in each specimen.
Each specimen was potted with the radius in line with its long axis in line from the radial
part of the lunate fossa to the center of the head of the radius for linear load transfer.
Each of the specimens was reduced to an overall length of 120 mm. Each of the
specimens was first subjected to a quasi-static test with 5 conditioning cycles followed by
3 measuring cycles. A 5,000-cycle dynamic test was then performed with a sinusoidal
load of 150 N at 0.2 Hz. The final test was carried out by repeating the first test.
Stiffness was determined from the quasi-static test results, whereas range of motion
(ROM), maximum deformation, and subsidence were obtained from the cyclic test
results. None of the constructs failed during testing. No significant differences were
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found between the two groups in terms of initial stiffness, final stiffness, or subsidence.
The final ROM of the dorsal plating group was significantly greater than that of the volar
plating group (p = 0.049). The volar plating group had a significant decrease between
initial and final ROM testing (p = 0.029). It was concluded that volar plating was
biomechanically equivalent to its dorsal plating alternative.
In the study by Krukhaug et al. [58], fixation using 3 volar plates, 2 dorsal plates,
and K-wires (Figure 21) was compared. 42 cadaveric human radii were used, forming
equivalent groups based on bone density and total amount of mineral. A distal radial
osteotomy was performed and a dorsal 30o wedge was removed. For each of the six
groups, rigidity, yield load, and maximum load were determined.
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Figure 21. Photographs of devices used in the six study groups [58].

Each of the constructs was mounted vertically in a custom jig allowing free rotation of
the proximal end. Tests were carried out with a deformation rate of 1 mm s-1 in the axial
direction. Rigidity was calculated from the slope of the load-versus-deformation plot.
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Figure 22. Summaries of test results for Groups 1-6 [58]

The results (Figure 22) showed that that the volar plates were biomechanically similar to
dorsal plates but K-wire osteosynthesis was biomechanical inferior to plate
osteosynthesis.
2.10. Review of literature of finite element analysis studies
Lin et al. [59] investigated the biomechanical interactions of plate-fixation angles in
the internal double-plating method coupled with various load conditions. The plates were
evaluated under axial, bending, and torsion load conditions using non-linear FEA.
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Solid models were created from CT scans of an intact healthy male right radius in the
neutral position. A 1 mm extra-articular fracture gap, positioned 25 mm from the distal
end, was created in an idealized planar cut to simulate a Colles’ fracture. Ti alloy
low-profile locking compressive L- (dorsal) and straight (radial) plates with 1.6 mm
thickness were placed on the dorso-ulnar side and on the dorso-radial side. Three straight
plate positions were used to form approximate angles of 50, 70, and 90° to the L-plate.
Locking screws were excluded, as the study was not focused on the thread/bone interface.
A convergence test was used to ensure the finite element (FE) models reached converged
results. FE meshes, with element sizes of 1, 2, and 3 mm, were generated using quadratic
tetrahedral elements. Modulus of elasticity (E) for cortical and cancellous bones were
taken to be 17 GPa and 1.3 GPa, respectively, while Poisson’s ratio (ν for each bone type
was taken to be 0.3. The models were fully constrained on the proximal end and an axial
load of 100 N was applied to the articular surface. Convergence of the strain energy,
displacement at the radius end, and maximum von Mises stress values was tested.
This resulted in the selection of element size of 2 mm. The contact elements allowed the
nodes to slip in the tangential direction with no penetration between the different
materials. Frictional conditions had the contact zones to transfer compressive force and
tangential force, but not tension force. A friction coefficient value of 0.3 was assumed for
each of the contact surfaces. Locking screws were assumed to have continuous
connections with the plates, the cortical bone, and the cancellous bone. E and ν for the
Ti alloy were taken to be 110 GPa and 0.3, respectively. Applied loadings were 100 N
(axial), 1 Nm (bending), and 1 Nm (torsion) (Figure 23) with each loading applied at the
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end of the distal radius under the same boundary conditions as the convergence test.

Figure 23. Applied loads on the constructs [59]

Nine FE models with three angles between two buttressed plates and three load
conditions were simulated. The biomechanical parameters determined were displacement
at the distal radius, the von Mises stress distribution (Figure 24) and, hence, the
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maximum von Mises stress (Figure 25).

Figure 24. Stress distributions in the models [59]
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Figure 25. The maximum von Mises stress in the radius (a), the L-plate (b), and the
straight plate (c) [59]

The authors concluded that the von Mises stress in the radius and in the plate, the
displacement of the radius,, and the strains at the fracture-healing interface indicate that
increased plate fixation angles could provide better mechanical strength, thus establishing
favorable stress-transmission and preventing distal fragment dislocation.
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Cheng et al. [60] used non-linear FEA to investigate the biomechanical
interactions of double-plating, modified double-plating and single-plating (dorsal)
fixation under various load conditions. Models were constructed using CT scans of an
intact healthy male right radius. A 1 mm extra-articular fracture gap, positioned 25 mm
from the distal end of the radius, was created using an idealized planar cut to simulate the
DRF. Three models were created for each of the plate osteosynthesis techniques. The
double-plating and modified double-plating constructs each contained a 2.0 mm Ti alloy I
and T plate. The single T plate was a standard 3.5 mm titanium T plate. Plate positioning
in the double-plating model had the T and I plates at an angle of 70°, while the modified
double-plating plates were positioned 90° apart. Screw thread details were excluded for
all cases. A convergence test was performed to ensure the FE model reached converged
results. Single-mesh patterns, with element sizes of 1, 2, and 3 mm, were generated using
quadratic tetrahedral elements. The cortical bone, the cancellous bone, and the Ti alloy
were each considered to be linear, elastic, and isotropic materials, with E and ν of 17 GPa
and 0.3; 1.3 GPa and 0.3; and 110 GPa and 0.3, respectively.
Each model was fully constrained at the proximal end and an axial load of 100 N
was applied centrally to the articular surface. Assumptions were made about the fixation
plate and bony surface and nonlinear frictional contact elements were used to simulate
the frictional conditions between the cancellous bone and the plate. A friction coefficient
of 0.3 was assumed for each of the contact surfaces. The strain energy of the model, the
displacement at the radius end, and the maximum von Mises stress at the fracture gap
were reviewed for convergence. The tolerance was set as a change of < 5%. Convergence
test results led to the selection of a mesh comprising elements of size 2 mm, axial loads
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(10, 25, 50, and 100 N), a bending moment (1.0, 1.5, 2.0, and 2.5 Nm) and a torsional
moment (1.0, 1.5, 2.0, and 2.5 Nm) were applied at the distal end of the radius under the
same boundary conditions for each model. The magnitude and direction of the applied
loads were to simulate the physiological loads experienced during active wrist motion.
Results for rigidity of a construct, defined as the slope of the linear section of the loading
–versus-displacement curve, under axial, bending, and torsion loadings, indicated similar
values for all three models. Bending showed the modified double-plating construct
having the greatest stiffness. Resistance to torsion showed the modified double-plating
construct having the lowest stiffness. Results from the 100 N load were discarded
because the maximum von Mises stress values (single plating: 242 MPa; double-plating:
140 MPa; and modified double-plating: 122. MPa) exceeded the ultimate compressive
strength of the radius (114 MPa). The maximum von Mises stress in the bone, under axial
loading, was the lowest in the modified double-plating case, the maximum von Mises
stress in the bone, under bending loading, was also the lowest in the modified
double-plating case, and, under torsional loading, the lowest stress was obtained in the
double-plating case. The authors concluded that the superiority of modified doubleplating in resisting bending forces makes it a good choice for fixation of DRFs.
Lin et al. [61] used FEA to investigate the effects of fracture type, fixation
technique, and postoperative functional load factors on the biomechanical interactions in
extra-articular DRFs. Simulated fracture types studied were dorsal wedge, metaphyseal,
and volar wedge. Plating techniques included low-profile Ti alloy volar plating (VP) and
low-profile Ti dorsal double plating (DDP). Solid models were constructed from CT
scans of the left radius in a healthy male cadaver. Three fracture models were created for
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each plating technique. Locking screw thread details were excluded because the
mechanical response at the cancellous bone-thread interface was not a focus of the study.
Convergence tests were performed to ensure that the FE model reached converged results
(difference of each model < 5%) and no further mesh refinement was necessary.
Meshes, with sizes of 1, 2, and 3 mm were generated using quadratic tetrahedral
elements. The cortical bone, cancellous bone, and the Ti alloy were assumed to be linear,
elastic, and isotropic materials, with E and ν of 17 GPa and 0.3; 1.3 GPa and 0.3; and
110 GPa and 0.3, respectively. The model was constrained on the proximal end
and an axial load of 100 N was applied at the center of the articular surface.
Convergence tests results led to selection of a mesh comprising smart elements sized
1 mm. Model validation was carried out by comparing the results of T-plate testing in an
experimental cadaver lab. The FEA was carried out by constraining the VP model on the
proximal end and applying axial compressive loads of 10, 25, 50, and 100 N at the center
of the articular surface. Rigidity was calculated from the slope of the linear section of the
axial load-displacement plot. Locking screws were assumed to have continuous
connections with the plate and the cancellous bone. A bonded condition simulated the
screw-plate and screw-cancellous bone interfaces. Nonlinear contact elements, with
friction coefficients of 0.3, were used to simulate the plate-cancellous bone interface.
Loading consisted of an axial load of 100 N, bending of 1 Nm, and torsion of 1 Nm
applied at the end of the distal radius under the same boundary conditions and material
properties used in the convergence testing. The magnitude and direction of the loads
simulated the physiological loads experienced with active wrist motion during normal
daily living. Eighteen FE models with three fracture types, two fixation types, and three
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load conditions were simulated. The biomechanical parameters determined were
displacement at the distal radius fracture gap, the von Mises stresses in each of the bone
types, and the von Mises stress in the plates. It was found that 1) the maximum von
Mises stress distribution in the plates was similar for all the models (Figure 26); 2) the
maximum von Mises stress was the greatest in bending and torsion, with the magnitude
in DDP being lower than in VP (Figure 27); 3) for the cancellous bone, the maximum
von Mises stress occurred near the fracture gap under axial load and near the proximal
first screw under bending loading and under torsion loading (Figure 28); 4) fracture
displacements for DDP was, on average, 87.5% less than for VP; and 5) for each fixation
method, fracture displacement was highest under bending, followed by under torsion,
and, then, under axial loading (Figure 29). The authors concluded that DDP fixation
provides better mechanical strength to prevent displacement and establishes better stress
distribution than VP.
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Figure 26. The maximum von Mises stress distributions in the plates. [61]
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Figure 27. Summary of the maximum von Mises stress in the plates [61]
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Figure 28. von Mises stress distribution in the bones. [61]
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Figure 29. Summary of the displacement of the construct at the radius gap [61].
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3
3.1

MATERIALS AND METHODS

Overview
Constructs comprising devices fixated to a simulated extra-articular fracture created

in a synthetic distal radius bone were subjected to destructive experimental
biomechanical testing and FEA. Each method was applied to three study groups: a) intact
distal radius, b) simulated fracture in the distal radius fixated using a commerciallyavailable Ti alloy fixed-angle volar locking plate-and-screws system, and c) simulated
fracture in the distal radius fixated using an exploratory IM injectable bioresorbable
polymer system.
3.2

Experimental testing
These tests were conducted using ten fourth-generation composite radius bones

(Model 3407; Sawbones; Pacific Research Laboratories, Vashon, WA) [62]. Use of
composite bone models provides consistent shape, size, and material properties compared
to human bone [54]. Smith & Nephew Orthopaedics (Memphis, TN) [63] provided the
Ti-6Al-4V alloy volar locking plate (DRAD SmartPack®), 2.4 mm-diameter Ti-6Al-4V
alloy locking screws, and the injectable bioresorbable polymer.
3.3

Preparation of intact radius specimens
The proximal aspect of each Sawbones was removed; thus, the effective length of

each specimen was 11 cm. Three of the Sawbones were set aside as the intact group and
potted (Figure 30).
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Figure 30. Potted intact distal radius specimens.

3.4

Preparation of volar locking plate system and construct
For each of the volar locking plate systems, two screws were placed in the head of

the plate, at the radial and ulnar aspects of the distal row of the plate. Two additional
screws were placed in the proximal aspect of the shaft of the plate. This screw
arrangement (number and positions) represents the minimum number of screws required
to achieve stabilization of the fracture (Figure 31). After that, each specimen was drilled,
and an additively-manufactured fixture was used to create the fracture. Specifically, a
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band saw attached to the fixture was used to create a 4-mm wide fracture gap centrally
placed 25 mm from the distal aspect of the radius. The plate was then fixated on the
Sawbones using the predrilled holes to obtain the constructs (Figure 32). Then, the
constructs were potted.

Figure 31. Volar locking plate systems.
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Figure 32. The Ti-6Al-4V alloy volar locking plate constructs.
3.5

Development of preparation method of intramedullary injectable bioresorbable
polymer constructs.
The IM injectable bioresorbable polymer fixation system is a new surgical modality

that was recently proposed by Smith & Nephew Orthopaedics for fixation of extraarticular fractures of the distal radius; as such, there are no published reports on any
aspect of this modality In light of that, the AO Foundation Surgery Reference was
researched for intramedullary (IM) nailing approaches for DRFs, but specific approaches
and techniques were not found. Thus, it was necessary to develop a method of preparing
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the IM construct. Details of the background to and execution of all the steps developed
for this purpose are now given.
Polymeric implants that cure in-situ present a risk of extravasation of the polymer
beyond the intended area, which may lead to adverse reactions in the patient. To mitigate
the risk of extravasation, in the present work, a balloon was used as a containment vessel.
The balloon was not made of a bioresorbable polymer, but, rather, of latex. This was
deemed acceptable since the present work is an exploration of the feasibility of the
suggested modality.
The angle of entry into the IM canal was evaluated using 14-mm-diameter
additively-manufactured PEEK tubes with varying internal diameters. The outer diameter
of the tube represented an average size of the shaft of the distal radius based on
evaluation of the Sawbones. The inner diameter of the tube was varied from 5 mm to
9 mm in 1-mm increments, while the angle of entry was varied from 15o to 45o in
5o increments. In each of the tubes, it was very difficult to insert the balloon using an
angle of entry < 25o. It appeared that entry angle of 30o or 35o provided ideal insertion
angles based upon resistance into the canal and the overall length of the portal. The final
choice was 30o lateral entry portal in the anterior-posterior view, and a 15° portal in the
lateral view. While a 5-mm canal represented the IM canal diameter in an intact distal
radius, it would not be feasible to insert an object into the canal without removal of
vascular tissue or bone marrow. Hence, a 6-mm- or 7-mm-diameter canal was deemed to
be the optimal size in conjunction with the entry angles.
The Sawbones constructs were prepared using 1.4-mm-diameter K-wires to target
the IM canal from the distal aspect of the radius. To preserve the integrity of the entry
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portal, the diameter of the hole was gradually increased by hand drilling using a 1.8-mmdiameter drill and, then, with drills having diameter of 3.2 mm, 4.5 mm, and 6.5 mm.
The canal was also drilled out with a 6.5-mm-diameter drill. Finally, a 7-mm-diameter
reamer was used to bring the canal and entry portal to final diameter. A challenge was
encountered when attempting to create a smooth transition from the distal entry portal to
the IM canal, resulting in a sharp corner.
The simulated fracture was created using the same method as was used in the
preparation of the volar plating constructs. A fixture to secure the Sawbone during
injection of the bioresorbable polymer was created, and each component was printed on
an additive manufacturing method (selective laser melting) (Objet500 Connex3 3D
printer; Stratasys, Eden Prairie, MN) [64]. The balloon was inserted from the distal entry
portal through the proximal aspect of the canal. Then, the balloon was attached to a
degassing injection valve with a self-sealing membrane. A flexible poly
(etheretherketone) (PEEK) tube was inserted through the valve into the bottom of the
balloon and then the balloon was connected to a syringe. A schematic drawing of the
construct preparation platform is given in Figure 33.
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Figure 33. Photograph of the intramedullary construct preparation platform.

A commercially-available poly (methyl methacrylate) (PMMA) bone cement with
viscosity-versus-curing time profile similar to that of the bioresorbable polymer
(Versabond®; Smith &Nephew Orthopaedics) was manually mixed and the dough was
poured into the syringe from which it was injected into the balloon. After the bone
cement cured, the construct was potted, placed in the materials testing machine, with load
cell capacity of 2200 N (Bionix 370, MTS, Minneapolis, MN, USA) [65]. (Figure 34),
and subjected to an axial compression force until failure occurred.
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Figure 34. An intramedullary PMMA bone cement construct positioned in the materials
testing machine.
The results showed stiffness and peak load to be 876 N mm-1 and  2050 N,
respectively (Figure 35), each value being comparable to the corresponding value given
in the literature for fresh-frozen cadaveric radii in which an extra-articular DRF was
fixated using a commercially-available Ti fixed-angle volar plating system. Thus, it was
concluded that the construct preparation technique used with the PMMA bone cement is
suitable for use to prepare Sawbones-IM bioresorbable polymer system constructs.
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PMMA IM Injection
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Figure 35. Load-versus displacement plot for additively-manufactured PMMA bone
cement construct.
3.6

Intramedullary injectable bioresorbable polymer constructs
All the steps described in Section 3.5 were followed up to the point where the

syringe was connected to the balloon. . Then, the polymer was mixed in a vacuum
chamber at room temperature and, then, injected into the balloon. During the injection,
one person held the syringe and attempted to maintain balloon pressure. Another person
tied off the balloon once the injection appeared to reach sufficient volume and pressure,
causing expansion of the polymer into the fracture gap. The polymer in the construct was
left to cure for a minimum 24 h before the construct (Figure 36) was tested (Figure 37).
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Figure 36. The intramedullary injectable bioresorbable polymer constructs.
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Figure 37. Photograph of an intramedullary injectable bioresorbable polymer construct
positioned in the materials testing machine.
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3.7

Testing protocol
All the tests were carried out on the same materials testing machine (Figure 34).

Each construct was initially loaded in axial compression at a rate of 2.5 mm min-1 up to a
maximum load of 100 N. This condition simulates the forces created during active
gripping [66], [67], and [68]. The construct was then subjected to quasi-static loading
(between 50 N and 100 N) for 5000 cycles at a rate of 2 Hz, to simulate the physiological
loading experienced during a 6-week healing period [56], [66], and [68]. Finally, the
construct was compressively loaded to failure at a rate of 2.5 mm min-1. For each of the
study groups, three constructs were tested (Figure 34 – Figure 36). Initial stiffness (slope
of initial linear portion of the load (P)-versus-displacement (Δ) plot) and final stiffness
(slope of final linear portion of the load (P)-versus- Δ plot) were determined and load-tofailure was recorded.
3.8
3.8.1

Finite element analysis
Overview
Numerical methods, such as finite element analysis (FEA), offer designers and

engineers tools to evaluate complex models and assemblies and to establish a theoretical
basis of the mechanical response to various loads and conditions. FEA is a critical
component in industry and is used extensively to, for example, establish comparison
between existing products and new designs while allowing for rapid iterations without the
extensive costs of prototyping and evaluation and to determine cause(s) of failure of
components in service. The focus of this section is on the finite element evaluation of
three models, namely, of the intact distal radius, distal radius in which simulated fracture
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is fixated using a volar locking plate system, and distal radius in which simulated fracture
is fixated using the IM injectable bioresorbable polymer system.
3.8.2

Construction of solid models
Solid models of sectioned statistically averaged left distal radii and the D-RAD

SmartPack volar locking plate were provided by Smith & Nephew. The provided bone
model did not have distinct cancellous bone, cortical bone, and IM regions. The model
was imported into NX (Siemens Plano, TX) [69] to generate the appropriate regions of
the bone by scaling the model and subtracting the scaled portion from the original model
to produce approximate cancellous bone and cortical bone sections in a ratio given by
Rausch et al. [70]. The IM canal was modeled by determining an approximate canal
diameter of 5 mm [54], extruding, and subtracting the section from the bone model.
Finally, an overall length was determined by reviewing the literature to establish fracture
type, location, size, and specimen length. These parameters had to be clinically relevant.
Thus, a search for a fracture type with high occurrence began. One such study of the
Medicare population of the United States reported 45% of all patients presented with a
fracture were of a Colles’ type, also classified as an AO/OTA 23-A3 [71]. This also
represents the highest demographic at risk for DRFs, as pointed out in Chapter 2.
Another study on a Swedish population had similar finding, with the greatest incidence of
DRFs being the AO/OTA Type A fracture [3]. Therefore, a conclusion was drawn that
extra-articular fractures of the distal radius had the highest occurrence and, as such,
biomechanical studies of these fracture types should be used to further characterize the
injury. Many studies [53], [66], [68], [72], [73], and [74] were evaluated, and after review
of the literature it was determined that a 10-mm wide osteotomy centered 25mm from the
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most distal portion of the radius should be performed on an 11 cm-long specimen.
However, upon further consideration, it was determined that an 11 cm-long specimen
would not be able to accommodate aspects of the balloon containment device for the
injectable polymer, requiring the bone specimen to be reduced to 9.85 cm. This fracture
configuration and methods of fixation were reviewed by several hand and wrist surgeons,
who stated that such fixation methods would not be utilized for such an injury. Therefore,
the fracture gap was reduced to 4 mm for the purpose of this analysis.
Once all features were in place, identical copies of the model of the intact distal radius
were used in the first stage of constructing the volar locking plate and resorbable
endopresthesis models.
For the volar locking plate model (Figure 38), the model of the plate, which was
provided by Smith & Nephew Orthopeadics, was imported into the bone model and then
positioned on the distal aspect of the volar rim, as close to but not exceeding the
watershed line. The plate was positioned on the bone, leaving gaps in certain areas where
the implant does not perfectly contour to the bone to represent the physical contact
limitations of an actual bone plate and the different patient anatomies. The volar plate
acts as a bridging external fixator, implanted within the patient’s body, thus a bridging
external-internal fixator with the locking screws transmitting the load to the plate, and
ignoring any simulated buttressing effect which was not actually provided by volar
plates. This is in contrast to current published literature, which appears to assume
complete contact between the bone and the plate [59], [61], and [75]. Screws were then
projected from the locking holes through the bone. Only locking holes were considered
for screw placement. This resulted in six screws filling the head of the plate, and three
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screws in the shaft, as the slot does not contain locking features. The fracture gap was
created as described earlier.
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Figure 38. Two views of the solid model of the volar locking plate construct.
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For the IM injectable bioresorbable polymer model (Figure 39), the fracture gap was
created using the same method as the volar plate model, and a 75-mm long, 5-mm
diameter rod was placed in the intramedullary canal. Three models were generated based
on this model, representing polymer expansion in the fracture gap. Expansion in the
fracture gap was defined as the percent growth from the initial polymer rod, henceforth
known as 0% expansion, until the portion within the gap expanded to the nearest cortex,
henceforth known as 100% expansion. Once these two models were established, 50%
expansion was calculated and a model was generated.
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Figure 39. Solid model of the intramedullary injectable polymer construct (0% expansion).
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3.8.3

Finite element analysis
After construction of the solid models, each was exported to the NX advanced

simulation module for linear static analysis. Relevant material properties, such as
modulus of elasticity (E) and Poisson’s ratio (ν), were assigned to the various regions in
the model. The volar plate model included clinically relevant materials such as Ti-6Al4V alloy, 316L stainless steel, and carbon fiber-reinforced poly (etheretherketone)
(CFR-PEEK) composite [76], and [77.], while the IM polymer constructs consisted of
three polymers whose E and ν are similar to those of commercially-available resorbable
polymers. A summary of these properties is shown below in Table 6.
Table 6. Modulus of elasticity and Poisson’s ratio of the materials

Material

Modulus of elasticity (GPa)

Poisson’s ratio

Cortical bone

17.0

0.30

Cancellous bone

1.3

0.30

110.0

0.34

206.0

0.29

4.3

0.30

2.6

0.30

Polymer A

3.5

0.30

Polymer B

4.5

0.30

Polymer C

5.0

0.30

Ti-6Al-4V
316L stainless steel
(M94 condition)
CFR/PEEK (load applied
parallel to fibers)
CFR/PEEK (load applied
perpendicular to fibers)

77

Each finite element model required definition of surface contacting parameters, which
define the interaction of the surface meshing between multiple objects. Each of the
models utilized a surface-to-surface gluing contact parameter from the cancellous bone
region to the cortical bone region. This parameter prevents motion between the meshed
regions. This contact parameter was also used on the volar locking plate construct model;
specifically, between the volar locking plate and the locking screws; between the locking
screws and the cancellous bone; and between the screws and the cortical bone.
This simulates the locking function between the plate and the screws and the anchoring of
the screw to the bone. In the IM injectable polymer construct, surface-to-surface gluing
was used between the IM canal and the polymer. Each model had all rotational and
translational degrees of freedom constrained at the planar face of the proximal portion of
the radial shaft, simulating the specimens being secured in a fixture for biomechanical
testing. A point on the articular surface collinear with the IM canal was defined for each
model. A second point collinear and 5 mm above the point on the articular surface was
then defined, and joined by rigid beam elements (RBE2) elements to distribute the load to
a single point of contact, along the vector define by the two points of the RBE2 elements.
This ensured consistent loading between the three models. Compressive force loads of 0,
10, 25, 50, and 100 N were utilized in the analysis. Each region was meshed with
four-noded tetrahedral elements.
The final meshed finite element model of the volar locking plate construct is
shown in Figure 40.
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Figure 40. Meshed finite element model of the volar locking plate construct.
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Each model was tested for convergence by using mesh sizes of 2 mm, 3 mm, and 4 mm,
with the applied load, in each case, being 100 N. Convergence was defined as having
< 5% difference between consecutive outputs of displacement, maximum von Mises
stress, and strain energy (Table 7 – Table 9).
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Table 7. Convergence test results for intact radius model

Element
size (mm)

Number of
elements

DOF

2
3
4

39,049
18,297
11,431

33195
16731
10554

Max
displacement
(mm)
0.20
0.20
0.20

%
difference
1.0
0.5

Max von
Mises stress
(MPa)
26
17
13

%
difference

Max strain energy
(N-mm)

% difference

44.4
22.4

0.015
0.011
0.007

29.4
30.8

%
difference

Max strain energy
(N-mm)

% difference

33.0

0.023
0.019

17.2

51.7

0.029

48.6

Table 8. Convergence test results for Ti-6Al-4V alloy volar locking plate construct model

Element
size
(mm)
2
3
4 (plate:
3 mm)

Number of
elements

DOF

47,296
22,490

42,921
22,128

Max
displacement
(mm)
0.23
0.20

15,608

16,020

0.21

12.0

Max von
Mises stress
(MPa)
155
104

3.9

157

%
difference
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Table 9. Convergence test results for IM injectable polymer construct model

Element
size (mm)
2
3
4

Number
of
elements
39,402
18,432
11,281

DOF
34,659
17,538
11,091

Max
displacement
(mm)
0.63
0.57
0.50

Max von
Mises stress
(MPa)
23
20
21

%
difference
9.7
12.9

82

%
difference

Max strain energy
(N-mm)

% difference

18.2
6.42

0.035
0.087
0.123

84.9
34.2

The intact model appeared to converge for maximum displacement. Percent differences
for maximum von Mises stress and strain-energy were > 5% for 3 mm and 4 mm mesh
sizes; therefore, a 2 mm mesh size was selected. For the volar locking plate model,
generating a mesh using a size of 4 mm was not successful; therefore, a mesh size of
2 mm was selected. The resorbable endoprosthesis model did not converge; therefore,
a mesh size of 2 mm mesh was selected. For each of the models, a finer mesh
(mesh size = 1 mm) was attempted but was abandoned because the NX solver could not
output a solution.
Each meshed model was analyzed by applying a 0, 10, 25, 50, and 100 N
compressive load. At each load, the displacement contour (and, hence, maximum
displacement), and von Mises stress contour (and, hence, maximum von Mises stress)
were obtained. A graph of the load (P) versus maximum displacement (Δ) was plotted,
and then a best-fit linear equation was obtained between P and Δ, with the slope of this
line being the stiffness of the construct.
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4

RESULTS

4.1. Experimental tests
A typical load-versus-displacement plot is shown in Figure 41.

Initial Conditioning - Volar Plate 4mm
Fracture Gap #1
120

Load (N)

100
80
60

y = 1335.3x + 1.1302
R² = 0.9958

40
20
0

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

Displacement (mm)

Figure 41. Typical load-versus-displacement plots, (above) initial stiffness, (below)
load to failure.
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A summary of the results is given in Table 10.
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Table 10. Summary of experimental test results

Specimen/construct
Intact radius #1a
Intact radius #2a
Intact radius #3
Volar plate #1
Volar plate #2
Volar plate #3
IM polymer #1
IM polymer #2b
IM polymer #3

Initial stiffness
(N mm-1)
1645
1395
1074
1335
178
193
495
89.7170
89.3950

Displacement (mm)

Fluctuating Load (N)

0.10
48 - 102
0.04
48 - 101
0.07
49 - 102
0.03
50 - 100
0.32
44 - 105
0.24
48 - 101
0.14
30 - 101
0.0000
0
0.7896
49 - 101
Mean ± population standard deviation

Intact radius
1372 ± 234
0.07 ± 0.03
Volar plate
569 ± 542
0.02 ± 0.01
IM polymer
225 ± 191
0.03 ± 0.03
aSpecimen did not fail; thus, the upper limit of the load cell was designated “load-to-failure”
bConstruct failed while it was being subjected to the conditioning load regimen.
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49 - 102
48 - 102
26 - 73

Load-to-failure (N)

Final stiffness
(N mm-1)

1955
1955
1670
943
61
693
333
65.1194
74

1450
2533
1792
806
317
283
439
0.0000
75

1860 ± 135
566 ± 371
157 ± 124

1925 ± 452
469 ± 707
171 ± 192

4.1.1.

Intact distal radius specimens
Key features of these specimens at the end of the tests are shown in Figure 42.

Key detailed features of Specimen #3 at the end of the test are shown in Figure 43.
The arrow in (b) points to the theoretical site of crack propagation/delamination of the
cortical-cancellous interface. Specimens #1 and 2 exceeded the load capacity of the
machine (2200 N) therefore did not achieve failure. This supports the claim that a load
greater than 2500 N is required to fracture the distal radius [67]. It appears that the result
for Specimen #3 (failure) is an anomaly because its initial and final stiffnesses are
comparable to those of Specimens #1 and 2.

Figure 42. Intact radii constructs after testing.
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Figure 43. Detailed views of key features of failed intact radius Specimen #3.

4.1.1

Volar locking plate constructs
Each of the constructs failed. In each construct, failure occurred in the proximal

fragments of the radii and no failures occurred in the plates. Constructs #1 and 2 appeared
to crack due to dorsal displacement of the radial head fragment. This resulted in a fracture
of the cortical wall as the bone contacting the surface of the plate exerted a
high-magnitude force on the cortical wall. These features are shown in Figure 44.
The arrow in (a) points to the site of crack propagation and initial point of failure of the
Sawbones.
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(a)

(b)

Figure 44. Detailed views of key features of failed volar locking plate constructs: construct #1 (a) and construct #2 (b).
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For Construct #3, there was a small fracture under the plate similar to that seen in the
other plate constructs. For Construct #3, it appears that the proximal and distal cortices
contacted, resulting in chipping of the dorsal distal fragment and fracture of the dorsal
proximal fragment. These features are seen in Figure 45. The arrows in (a) show the bone
contacting point of each fragments and (b) the fracture introduced by the contacting
fragments.

Figure 45. Detailed views of key features of failed volar locking plate construct #3.

4.1.2

Intramedullary injectable polymer constructs
Each of the constructs failed, with the location of failure being in the polymer.

Constructs #1 and 3 failed during the testing, while Construct #2 failed during the load
conditioning phase. For each of the constructs, failure is attributed to insufficient polymer
expansion within the fracture gap. Detailed views of the key features are shown in
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Figure 46. The arrow in the third picture indicates the typical region of failure for all
polymer constructs.

Figure 46. Failed intramedullary bioresorbable polymer constructs.

4.1.3. PMMA bone cement construct
A single bone cement construct (Figure 47) was tested in an effort to explore the
influence of balloon expansion on biomechanical properties of the construct. Initial
stiffness was 115 N mm-1, final stiffness was 205 N mm-1, and load-to-failure was 294 N.
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Controlled expansion was not achieved, although this test indicated the challenge
associated with achieving smooth entry into the IM canal.
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(a)

(b)

Figure 47. PMMA bone cement construct prior to testing (a) and after testing (b).
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4.2
4.2.1

Finite Element Analysis
Overview
A summary of the results, at applied load of 100 N, is shown in Table 11. A

comparison of the present results for the constructs (a) to those for the intact radius is
given in

Table 12; and (b) among each other is given in Table 13.
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Table 11. Summary of the FEA results.

Specimen/construct
Intact
Ti alloy volar plate
316L M94 SS
volar plate
CFR/PEEK_Para
plate
CFR/PEEK_Pera
plate
Polymer A - 0%
expansion
Polymer A - 50%
expansion
Polymer A - 100%
expansion
Polymer B - 0%
expansion
Polymer B - 50%
expansion
Polymer B - 100%
expansion
Polymer C - 0%
expansion
Polymer C - 50%
expansion
Polymer C - 100%
expansion

Max. displacement Max. von Mises
(mm)
stress (MPa)

Stiffness
(N mm-1)

0.2
0.2

27
155

497
441

0.2

161

551

4.9

162

21

8.0

163

13

0.6

24

160

0.3

17

342

0.2

17

415

0.6

24

181

0.3

17

352

0.2

17

418

0.5

24

190

0.3

17

357

0.2

17

420

aLine

of action of load on construct is considered parallel to carbon fibers.
bLine of action of load on construct is considered normal to carbon fibers.
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Table 12. Comparison of results, relative to those for the intact radius

Construct
Ti-6Al-4V volar plate
316L M94 SS volar plate
CFRPEEK_plate Para
CFRPEEK_plate Perb
Polymer A - 0% expansion
Polymer A - 50% expansion
Polymer A - 100% expansion
Polymer B - 0% expansion
Polymer B - 50% expansion
Polymer B - 100% expansion
Polymer C - 0% expansion
Polymer C - 50% expansion
Polymer C - 100% expansion
Load
applied parallel to carbon fibers.
a

Max. disp. %
difference from intact

Max. von Mises stress %
difference from intact

12
142
-10
144
184
144
190
144
103
-12
37
-45
18
-45
93
-12
34
-45
17
-45
90
-12
33
-45
17
-45
Load
applied
perpendicular
to
carbon
fibers.
b
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Stiffness % difference
from intact
-12
10
-184
-190
-103
-37
-18
-93
-34
-17
-90
-33
-17

Table 13. Comparison of results among the plate constructs

Max. disp. % difference

Max. von Mises
stress % difference

Stiffness %
difference

Stainless steel plate to Ti plate

-22

4

22

CFRPEEK_Par Plate to Ti plate

182

5

-182

CFRPEEK_Per Plate to Ti plate

189

5

-189

Polymer A 0% to Ti plate

93

-147

-93

Polymer A 50% to Ti plate

25

-161

-25

Polymer A 100% to Ti plate

6

-161

-6

Polymer B 0% to Ti plate

84

-147

-84

Polymer B 50% to Ti plate

22

-161

-22

Polymer B 100% to Ti plate

5

-161

-5

Polymer C 0% to Ti plate

80

-147

-80

Polymer C 50% to Ti plate

21

-161

-21

Polymer C 100% to Ti plate

5

-161

-5

Construct
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4.2.2

Intact distal radius model
The displacement and von Mises stress distribution contours are presented in

Figure 48.
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(a)

(b)

Figure 48. Intact distal radius: displacement (a) and von Mises stress (b) distribution contours, under load of 100 N.

99

4.2.3

Volar locking plate construct model
The displacement and von Mises stress distribution contours for the Ti-6Al-4V

alloy construct are presented in Figure 49.
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(a)

(b)

Figure 49. Ti-6Al-4V alloy volar locking plate construct: displacement (a) and von Mises stress (b) distribution contours, under load
of 100 N.
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The displacement and von Mises stress distribution contours for the 316L stainless steel
construct are presented in Figure 50.
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(a)
(b)
Figure 50. 316L stainless steel volar locking plate construct: displacement (a) and von Mises stress distribution contours, under
applied load of 100 N.
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The displacement and von Mises stress distribution contours for the CFR-PEEK construct
are presented in Figure 51 – Figure 52.
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(a)

(b)

Figure 51. CFR-PEEK volar locking plate construct: displacement (a) and von Mises stress distribution contours, under applied load
of 100 N acting parallel to the carbon fibers.
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(a)

(b)

Figure 52. CFR-PEEK volar locking plate construct: displacement (a) and von Mises stress distribution contours, under applied load
of 100 N acting perpendicular to the carbon fibers.
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4.2.4

Injectable polymer construct model
The displacement and von Mises stress distribution contours for these constructs

are presented in Figure 53 – Figure 55 (for Polymer A), Figure 56 – Figure 58
(for Polymer B), and Figure 59 – Figure 61 (for Polymer C).
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(a)

(b)

Figure 53. Injectable polymer construct (Polymer A; 0% expansion): displacement (a) and von Mises stress distribution contours,
under applied load of 100 N.
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(b)

(a)

Figure 54. Injectable polymer construct (Polymer A; 50% expansion): displacement (a) and von Mises stress distribution contours,
under applied load of 100 N.
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(b)

(a)

Figure 55. Injectable polymer construct (Polymer A; 100% expansion): displacement (a) and von Mises stress distribution contours,
under applied load of 100 N.
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(a)

(b)

Figure 56. Injectable polymer construct (Polymer B; 0% expansion): displacement (a) and von Mises stress distribution contours,
under applied load of 100 N.
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(b)

(a)

Figure 57. Injectable polymer construct (Polymer B; 50% expansion): displacement (a) and von Mises stress distribution contours,
under applied load of 100 N.
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(b)

(a)

Figure 58. Injectable polymer construct (Polymer B; 100% expansion): displacement (a) and von Mises stress distribution contour,
under applied load of 100 N.
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(a)

(b)

Figure 59. Injectable polymer construct (Polymer C; 0% expansion): displacement (a) and von Mises stress distribution contour,
under applied load of 100 N.
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(b)

(a)

Figure 60. Injectable polymer construct (Polymer C; 50% expansion): displacement (a) and von Mises stress distribution contour,
under applied load of 100 N.
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(b)

(a)

Figure 61. Injectable polymer construct (Polymer C; 100% expansion): displacement (a) and von Mises stress distribution contour,
under applied load of 100 N.
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5
5.1

DISCUSSION

Experimental tests
There are very few literature results for the distal radii, or, indeed, for the whole

radius, regardless of whether cadaveric or synthetic composite bone specimens were
used. In contrast, there are many literatures studies on constructs that include a fixedangle volar locking plate system, such as the Smith & Nephew plate used in the
present study [66], [68], and [74]. Intramedullary (IM) injectable polymer fracture
fixation systems have been introduced recently to the collection of surgical methods for
treating DRFs. In order to ensure the acceptance of such a system, it needs to be shown
that it is non-inferior compared to established surgical fixation methods. A theoretical
advantage of an IM method is that it eliminates (or, substantially decreases the
likelihood) of tendon irritation as the device is placed within the IM canal. While risk of
extravasation is of concern for polymeric compounds or bone cements, the use of a
balloon containment device in the IM system, which was investigated in the present
study, significantly reduces such risks and may assist in creating further reduction and
stabilization of the fracture by guiding where expansion may occur. Currently, only one
such device is marketed, namely, the Illuminoss photodynamic bone stabilization system.
Its use involves inserting a balloon catheter into the IM canal, injecting a light-curable
monomer into the balloon, thus filling the bone, and then passing light of a given
wavelength over the monomer, resulting in curing of the monomer, and, hence, a
stabilized fixation construct. The disadvantage of this device is that it is not resorbable,
which provides challenges if the device needs to be removed/ The construct that included
the IM injectable bioresorbable polymer fixation device used in the present study
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displayed lower compressive stiffness compared to a construct that included a Ti-6Al-4V
alloy or 316 stainless steel volar locking plate. This is attributed to two facts; namely 1)
the bioresorbable polymer used was degraded and 2) there is limited experience with the
balloon insertion technique. Use of the PMMA bone cement construct, with the bone
cement having similar mechanical properties to the nondegraded bioresorbable polymer,
indicated that the polymer may perform favorably if it were fresh. There are no results in
the literature for stiffness of either the polymer or the PMMA bone variant of the IM
device and there are no previous reports on IM device/construct that was used in the
present study. Therefore, the results of this study with regard to the IM device are likely
to provide new knowledge that will enhance the literature.
5.2

Finite element analysis
As with experimental biomechanical testing of intact distal radii, literature FEA

studies of the intact distal radius are very scarce. In some of these studies, high-resolution
peripheral quantitative computed tomography (HR-pQCT) and micro finite element
analysis (μFE) were used to evaluate the microstructure and characteristics of bone
segments [78], [79], and [80]. Although this method appears to accurately capture the
densities and geometries of the various bones (and, hence, the material properties of the
bones), the results do not appear to correlate with those obtained from experimental tests
on cadaveric or composite bones. In one such study, the stiffness of the intact radius was
reported to be 71,381 ± 16,631 N mm-1 [81], which appears to greatly overestimate the
stiffness of the radius. In another study, the stiffness was computed to be in the range of
50 -100 N mm-1 [80], which appears to underestimate the stiffness of the radius.
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Since there appear to be no experimentally obtained stiffnesses of the distal radius, it is
reasonable to assume that it will be similar to the stiffness of the tibia
(1,000 – 1,700 N mm-1) [82]. The compressive stiffness obtained from the present FEA
work (497 N mm-1) suggests that the assumption is plausible. Thus, the present FEA
results for the intact distal radius are an important contribution to the literature.
Constructs containing Ti-6Al-4V alloy and 316L stainless steel volar locking
plates have similar displacement and stress characteristics but the former plating system
is preferred because the peak stresses is lower and the stiffness is slightly lower (441 N
mm-1) than that of the intact radius, thus the potential for improved healing is high. The
higher stiffness of the construct that contained 316L stainless steel locking plate system
(581 N mm-1) may result in stress shielding, causing or contributing to higher peak loads
in the plate and smaller micro motion (and, hence, lower potential for callous formation
in early healing stage).
The results for the constructs that contained a volar locking plate system that was
assigned material properties for CFR/PEEK composite material indicate the strong
influence of the modulus of elasticity of the plating system material (Eps) on construct
stiffness and maximum von Mises stress; specifically, each of these parameters increases
with increase in Eps. The composite material plates cannot be recommended yet as the
excessive displacement and low stresses indicate that the fracture may not be stabilized
and that proper anatomic alignment would not be held.
For constructs that included the IM injectable bioresorbable polymer, the
recommendation is that, regardless of the bioresorbable polymer, the expansion ratio
should be between 50% and 100%. In other words, while some amount of expansion
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within the fracture gap is important, complete filling of it may not be necessary. This
finding is attributed to the ability of an IM fixation device to buttress the fragments and to
transmit loading back to the surrounding healthy tissues while adding the necessary
strength and stability to account for the excised bony region. No comparison studies are
in the literature; therefore, results in this part of the present study add new knowledge to
the literature.
5.3

Study limitations
Four limitations of the study are recognized. First, in the experimental tests, the

additively-manufactured fixtures that were utilized for preparation of the IM constructs
were designed around a statistically-averaged anatomical radius model that closely
represents the distribution of dimensions of radii taken from a large patient population.
The synthetic radii used (fourth-generation Sawbones) displayed variations in a number
of parameters, such as curvature of the shaft, width of the head, and thickness of bony
projections such as Lister’s tubercle. Because of this, the anatomic model was scaled in
an effort to accommodate the variations presented by the Sawbones. This resulted in a
fixture that was not an exact match to each test construct. However, the fixture allowed
for a repeatable point of fixation that was consistent among the constructs. In other
words, any variability introduced by the fixture was consistent among the constructs, thus
leading to a valid comparison of the results.
Second, for the IM constructs, the technique used for preparing the IM canal was
developed by the present author without the benefit of use of proper instrumentation,
such as flexible reamers, or input from relevant clinicians, such as hand surgeons.
This means that methods that were used to surmount challenges encountered during the
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preparation may or may not be clinically acceptable. For example, the lateral aspect of
the distal radius provided a short and sharp entry into the canal. Thus, the reamer heads
were too long to make a radial transition into the canal, resulting in a sharper corner.
Sharp corners pinch the balloon and limit (or, some cases, prevent) expansion in the
fracture gap, where expansion is critical. It is be noted that, for each construct, the same
instrumentation and the same entry technique were used, thus ensuring consistency and,
hence, confidence in the results.
Third, at the time when the experimental testing platform was being setup, it came
to be realized that the bioresorbable polymer to be used in preparing the IM system was
degraded. Since the specific formulation of this polymer was obtained in a limited run, it
was decided that it would be prohibitively expensive to procure a fresh supply.
Thus, degraded polymer was used, even though it was realized that because various
relevant properties of the polymer, notably, viscosity and cure time, would be
sub-optimal, it was very likely that the cured implant would contain many pores. Such an
implant has a high potential to negatively affect the biomechanical properties of the final
construct. In light of this limitation, at the time when the IM constructs were prepared,
a single batch of the polymer was mixed. Therefore, each construct was injected with the
same batch of the polymer, which removes variability in key process parameters, such as
polymer mixing method, time spent removing air bubbles from the implant, and curing
time prior to injection. This ensured confidence in the results obtained.
Fourth, in the FEA, the solid model of the distal radius was constructed using a
statistically-averaged anatomical radius, rather than constructed using, for example, CT
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scans of the radius of an actual person from patient populations in which the incidence of
DRFs is high, such as teenagers and elderly people.
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6

CONCLUSIONS

The conclusions are:
(1) In the present study, experimental tests and finite element analysis (FEA) were used
to investigate three methods of fixating a simulated extra-articular fracture created in
a distal radius. Thus, the study groups were intact distal radius, the simulated fracture
fixated using a commercially-available volar locking plate system, and the simulated
fracture fixated using an exploratory intramedullary (IM) injectable bioresorbable
polymer system. In the experimental tests, a synthetic distal radius bone
(fourth-generation Sawbones) was used, whereas, for the FEA, three variants of the
volar locking plate construct (plate and screws material: Ti-6Al-4V alloy,
316L stainless steel, and a carbon fiber-reinforced PEEK) and 9 variants of the IM
system (3 different polymers and 3 values of expansion ratio) were used.
(2) There are no results in the literature on experimental tests on or FEA of models of
11 out of the 13 constructs studied in the present work. Thus, the present results add
to the literature. Specifically, these additions are that 1) the Smith & Nephew
Ti-6Al-4V alloy distal radius volar plating system performed favorably compared to
other plates, in particular, the 316L stainless steel plate, which is used in a number of
clinical studies. The stainless steel plate construct had a greater stiffness than the Ti
alloy plate construct, a consequence of the higher modulus of elasticity of 316L
stainless steel compared to Ti-6Al-4V alloy. However, it is to be noted that higher
stiffness leads to an increase in peak stresses, which, in turn, may result in stress
shielding.
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(3) The stiffness of the IM injectable bioresorbable polymer construct is strongly
influenced by the expansion ratio (regardless of the bioresorbable polymer used)
whereas the influence of polymer used (for a given expansion ratio) is marginal.
The stiffness of an IM polymer construct, with expansion ratio = 100% and any of the
polymers used, is comparable to the corresponding value for the metal volar locking
plate constructs. In other words, from the perspective of compressive stiffness,
the IM injectable bioresorbable polymer fixation system appears to be a non-inferior
alternative to a metal volar locking plating system for surgical treatment of distal
radius fractures.
The following recommendations are made for future studies in this field:
(1) Use fresh-frozen osteoporotic and non-osteoporotic cadaveric distal radii in the
experimental tests. For such tests, the following improvements should be made:
a) use exact fixturing based on the test medium, thereby ensuring perfect fit and
function; b) use only fresh bioresorbable polymer and catalyst; and c) use a
clinically-relevant surgical technique for accessing the IM canal from a dorsal distal
lateral approach. For item 3), this may require development of instrumentation, such
as drills, guides, and broaches, which facilitate a smooth entry portal into the IM
canal.
(2) For the FEA work, if a statistically-averaged radius model is to be used, it should
have specified cancellous and cortical bone regions as well as the bone mineral
densities of many zones within the bone regions. This will allow computation of a
detailed distribution of the modulus of elasticity of the aforementioned zones.
These improvements should contribute to better FEA results.
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